Background: Age-related peripheral nervous system (PNS) impairments are highly prevalent in older adults. Although sensorimotor and cardiovascular autonomic function have been shown to be related in persons with diabetes, the nature of the relationship in general community-dwelling older adult populations is unknown. Methods: Health, Aging and Body Composition participants (n = 2399, age = 76.5 ± 2.9 years, 52% women, 38% black) underwent peripheral nerve testing at the 2000/01 clinic visit. Nerve conduction amplitude and velocity were measured at the peroneal motor nerve. Sensory nerve function was assessed with vibration detection threshold and monofilament (1.4-g/10-g) testing at the big toe. Symptoms of lower-extremity peripheral neuropathy were collected by self-report. Cardiovascular autonomic function indicators included postural hypotension, resting heart rate (HR), as well as HR response to and recovery from submaximal exercise testing (400 m walk). Multivariable modeling adjusted for demographic/lifestyle factors, medication use and comorbid conditions. Results: In fully adjusted models, poor motor nerve conduction velocity (b40 m/s) was associated with greater odds of postural hypotension, (OR = 1.6, 95% CI: 1.0-2.5), while poor motor amplitude (b1 mV) was associated with 2.3 beats/min (p = 0.003) higher resting HR. No associations were observed between sensory nerve function or symptoms of peripheral neuropathy and indicators of cardiovascular autonomic function. Conclusions: Motor nerve function and indicators of cardiovascular autonomic function remained significantly related even after considering many potentially shared risk factors. Future studies should investigate common underlying processes for developing multiple PNS impairments in older adults.
Introduction
The peripheral nervous system (PNS) consists of two distinct divisions: sensorimotor and autonomic. Both play integral roles in providing information to the central nervous system, appropriately responding to stimuli, and controlling automatic functions of the body, but these divisions are typically examined as separate entities. PNS aging is characterized by a phenomenon known as "selective vulnerability" in which locally specific structural and functional changes can vastly affect some groups of neurons while leaving others relatively intact (Cowen et al., 2005) . In particular, long, myelinated axons (like those innervating the lower limbs) are vulnerable to damage. PNS impairments are often present with diabetes or specific neurological conditions, nevertheless, age-related impairments and declines are prevalent even in the absence of any pathologic condition (Verdu et al., 2000) .
Recent work from the Health, Aging and Body Composition Study (Health ABC) indicated that over half of mobility-intact older adults in this cohort have lower extremity sensorimotor peripheral nerve (PN) impairments (Ward et al., 2014a) . These impairments are associated with worse physical performance , walking endurance (Lange-Maia et al., 2016) , lower extremity muscle power (Ward et al., 2014b) and strength (Ward et al., 2015; Strotmeyer et al., 2009) , as well as increased risk of falls and incident mobility limitation (Ward et al., 2014a) . Cardiovascular autonomic impairments inhibit the ability of the cardiovascular system to appropriately respond to stimuli and maintain homeostasis. Impairments, such as postural hypotension, increase with age affecting upwards of 20% of persons aged 80 and over (Finucane et al., 2014) , and are associated with falls, cardiovascular events and death (Chang et al., 2003; Rubenstein et al., 1990; Rose et al., 2000; Jouven et al., 2005; Jouven et al., 2009; McDonald et al., 2016; Juraschek et al., 2017; Finucane et al., 2017; Lipsitz, 2017) .
Damage to nerve fibers in diabetes has largely been attributed to hyperglycemia and poor metabolic control (Boulton et al., 2005; Motataianu et al., 2013; Vinik et al., 2008) yet oxidative stress (Ziegler et al., 2015) , advanced glycation end products (Huijberts et al., 2008; Brownlee, 1992) and cardiovascular risk factors (Tesfaye et al., 2005; Valensi et al., 2003; Elliott et al., 2009 ) may jointly contribute to PNS impairments. Work in populations with diabetes indicates that worse sensorimotor function is associated with an increased risk of cardiovascular events (Brownrigg et al., 2014; Young et al., 2009) . Those with cardiovascular autonomic neuropathy were more likely to also have worse motor and sensory nerve function (Rodica et al., 2015) , diabetic peripheral neuropathy (Elliott et al., 2009) , and were more likely to develop diabetic foot ulcers (Yun et al., 2016) . Additionally, increasing severity of cardiovascular autonomic neuropathy has been linked to a higher prevalence of peripheral neuropathy (Bilal et al., 2008; Traon et al., 2010) . However, the relationship between sensorimotor and cardiovascular autonomic function is largely unexplored in general populations of older adults, and examining this relationship was the aim of our study. Because of the common underlying risk factors associated with sensorimotor and autonomic peripheral nerve impairments (particularly cardiovascular risk factors), it is plausible that those with worse sensorimotor function may also have worse cardiovascular autonomic function. We hypothesize that systemic factors may potentially drive late life changes in peripheral nervous system function and may contribute to joint declines in sensorimotor and cardiovascular autonomic function.
Methods

Participants
Participants were from the Health, Aging and Body Composition Study (Health ABC) 2000/01 clinic visit. Health ABC is a longitudinal cohort study of black and white, initially well-functioning, communitydwelling older men and women from Pittsburgh, PA and Memphis, TN, which investigated body composition and factors related to functional limitations and disability (n = 3075; age 70-79; 48.4% male; 41.6% black at baseline in 1997/98) (Simonsick et al., 2001a) . Participants were recruited via mailings to a random sample of white Medicare beneficiaries and to all age-eligible black Medicare beneficiaries and community residents. Eligibility criteria included: no self-reported difficulty in walking ¼ mile, climbing 10 steps, or performing any basic activity of daily living; no life-threatening cancers; and plans to remain in the study area for at least three years. Of the 2404 participants completing the 2000/01 clinic visit, 2399 underwent PN testing and were considered for this analysis (Fig. 1) . All participants provided written informed consent before participating. Protocols were approved by institutional review boards at the University of Pittsburgh and University of Tennessee Health Science Center. All study measures outlined in this paper occurred at the 2000/01 clinic visit on the same day unless stated otherwise. The 2000/01 clinic visit began in the morning because participants came in fasting for blood draws.
Sensorimotor nerve function exam
After warming the participant's right foot (unless contraindicated, in which case testing was performed on the left side) to 30°C, testing was performed by trained examiners at both study sites. Peroneal motor nerve conduction responses were obtained at the extensor digitorum brevis muscle with stimulation at the popliteal fossa using the NeuroMax 8 (XLTEK, Oakville, Ontario, Canada). Amplitude (millivolts) and motor nerve conduction velocity (meters/s) were recorded, with oversight of certain readings by a board certified neurologist as previously described (Ward et al., 2013) . Vibration detection threshold (micrometers) was measured at the bottom of the great toe with a VSA-3000 Vibratory Sensory Analyzer (Medoc, Durham, North Carolina). Touch sensitivity was assessed using a standard 10-g and light touch 1.4-g monofilament (insensitivity defined as the inability to detect at least 3 of 4 touches; insensitivity to 1.4-g or 10-g was combined in analyses) at the dorsum of the great toe. The entire clinic exam was performed in the same order for all participants. Self-report symptoms of peripheral neuropathy included: numbness, "asleep feeling," prickly feeling or tingling; sudden stabbing, burning, or deep aches; or an open persistent sore or gangrene on either the foot or leg in the past 12 months. Poor motor nerve amplitude and poor conduction velocity were defined as b1 mV and b 40 m/s, respectively (Maser et al., 1991) . Poor vibration threshold was defined as N130 μm, indicating that the participant was unable to detect the vibration sensation. These measures have been previously described in this cohort as being associated with worse longitudinal quadriceps strength (Ward et al., 2015) and incident mobility limitation (Ward et al., 2014a) . In addition to these cutpoints, continuous versions were also included in models to determine whether a continuous relationship existed in addition to a threshold effect. Participants (N = 2399; Fig. 1 ) were considered for inclusion in analyses if they completed ≥1 sensorimotor PN test (N = 2356 completed monofilament testing; N = 2314 for vibration threshold testing; N = 1865 completed motor amplitude testing, with N = 1757 with motor nerve conduction available, as motor nerve conduction velocity could only be determined in participants with detectable motor amplitude N 0 mV, N = 1820).
Cardiovascular autonomic function
Blood pressure measurements were taken first while the participant was in a seated, resting position. The participant then stood from the seated position, and blood pressure was then taken one minute after transitioning to a standing position. Postural hypotension was defined as either lowering ≥20 mmHg of systolic or ≥10 mmHg diastolic blood pressure between seated and standing measurements (n = 2395; Fig. 1 ). This definition is similar to that set by the American Academy of Neurology (Freeman et al., 2011) , though our standing measure was after one minute rather than three minutes in the consensus statement. Diastolic postural hypotension assessed in this manner was previously found to predict falls in this cohort . Resting heart rate (HR) was measured during a resting electrocardiogram (n = 2395; Fig. 1 ) and analyzed as a continuous measure.
HR responses to a fast-paced submaximal 400 m walking test (the Long Distance Corridor Walk) were also assessed (Simonsick et al., 2001b) , with only the subset of participants completing the full 400 m included in analyses (n = 1640; Fig. 1 ). HR response was defined as the difference between resting HR and HR at the end of the 400 m walk. HR recovery was defined as the difference between HR at the end of the 400 m walk and HR 2-min post-test. These methods have been used previously in assessing the association between 400 m walk performance and incident cardiovascular disease, mortality, and mobility limitation (Newman et al., 2006) . HR parameters from submaximal exercise are influenced by exertion; thus, models were adjusted for 400 m walk completion time, as appropriate.
Covariates
Age, sex, race, and clinical site were included as demographic characteristics. Factors which may potentially influence sensorimotor or cardiovascular function were considered as possible covariates, and were measured at the 2000/01 clinic visit unless otherwise stated. Lifestyle factors assessed via self-report included: smoking history (never/former/current; in 1999/2000), current drinking frequency (drinks/ week; at baseline), and physical activity (kilocalories/week walking and stair climbing). Weight and height were measured using a standard physician's balance scale and stadiometer, respectively. Ankle brachial index b0.9 indicated peripheral arterial disease and ≥1.3 arterial stiffening (Aboyans et al., 2012) . Hypertension was defined by self-report, medication use, or measured systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg. Diabetes was defined as self-reported physician diagnosis, hypoglycemic medication use, or fasting glucose ≥ 126 mg/dL, while impaired fasting glucose was defined as fasting glucose level of N 100 to ≤ 126 mg/dL (American Diabetes Association, 2014). Total cholesterol, Interleukin-6 (IL-6), and C-reactive protein (CRP) were obtained at the 2000/01 clinic visit as described for the study baseline visit (Cesari et al., 2003) . Poor vitamin B12 was defined as b 260 pmol/L (Leishear et al., 2012) and insufficient renal function was defined as Cystatin-C N 1 mg/dL (Shlipak et al., 2006) . Blood samples were collected by venipuncture after an overnight fast.
Other conditions assessed at baseline (1997/98) included cardiovascular disease (bypass/coronary artery bypass graft, carotid endarterectomy, myocardial infarction, angina, or congestive heart failure), Parkinson's disease, or cerebrovascular disease (transient ischemic attack or stroke). Depressive symptoms were collected using the Center for Epidemiologic Studies Depression Scale (Radloff, 1977) . Medications from the detailed medication inventory collected in 1999/2000 included: beta-blockers, anti-hypertensive medications (based on the Iowa Drug Information Service database), calcium-channel blockers, tricyclic antidepressants and statins.
Statistical methods
Descriptive statistics were calculated and stratified by diabetes since it is a major risk factor for PN impairments. Means and standard deviations were compared using t-tests for normally distributed descriptive factors, while medians and interquartile range were reported and nonparametric tests used where appropriate. Proportions and chi-squared tests (or Fisher's exact test) compared categorical variables. Spearman correlations between sensorimotor and cardiovascular autonomic function were examined, with partial correlations adjusting for diabetes status in all comparisons, and for 400 m walk completion time in correlations involving HR response and HR recovery. Further analyses were stratified if evidence existed that the relationship between peripheral nerve function and indicators of cardiovascular autonomic function varied by diabetes. Logistic regression modeled the association between sensorimotor function and odds of postural hypotension. Linear regression modeled associations between sensorimotor function with resting HR, HR response and HR recovery from the 400 m walk. Minimally adjusted models for age, sex, race, site, and diabetes were used to build final adjusted models by progressively adding covariates using manual stepwise techniques. Only factors reaching significance of p b 0.05 were included in the final, parsimonious model; however age, sex, race, site, and diabetes was retained in final models regardless of significance. Sensorimotor function measures are weakly correlated (e.g., r = 0.32, p b 0.001, between motor amplitude and conduction velocity), therefore separate models were built for each. Sensitivity analyses removing 1) participants with diabetes from all models and 2) participants taking any medication potentially influencing heart rate (betablocker, calcium-channel blocker, and tricyclic antidepressants) in models of resting HR and HR response were performed. Analyses were run using SAS version 9.3 (SAS Institute, Cary, NC). 
Results
Participants with diabetes were more likely to be male and black, have higher BMI, report more chronic health conditions and depressive symptoms, have higher values of IL-6, lower cholesterol, were less likely to complete the 400 m walk and were more likely to take statins and anti-hypertensive medications (Table 1) . Participants with diabetes generally had worse sensorimotor and cardiovascular autonomic function (Table 2 ). Several measures of poor motor and sensory PN function were significantly, albeit weakly, correlated with poor cardiovascular autonomic function, with the exception of monofilament insensitivity and reported symptoms of peripheral neuropathy (Table 3) .
Postural hypotension
Poor conduction velocity (b 40 m/s) was associated with greater odds of postural hypotension, (OR = 1.6, 95% CI: 1.0-2.5) after adjustment for age, sex, race, site, diabetes, and IL-6, with no additional covariates reaching model inclusion criteria (n = 1692 in the final model). Each standard deviation of slower motor nerve conduction velocity was associated with higher odds of postural hypotension (OR = 1.4, 95% CI: 1.1-1.7). (Model details included in Table 4 .) Diabetes did not attenuate the relationship between nerve conduction velocity and postural hypotension. No evidence of an interaction between conduction velocity and diabetes was found and diabetes was not associated with hypotension in the final models.
Resting heart rate
Poor motor amplitude (b1 mV) was associated with 2.3 beats/min (p = 0.003) higher resting HR in fully adjusted models adjusting for age, sex, race, study site, diabetes, impaired fasting glucose, beta blocker use, tricyclic antidepressant use, CRP, IL-6 and total cholesterol (n = 1729 in this final model). Although statistically significant, each standard deviation of worse motor nerve amplitude was associated with resting HR of less than one BPM higher (β = 0.9, p b 0.001) in fully adjusted models. (Model details included in Table 5 .) No evidence existed for an interaction between diabetes and motor amplitude. In final models, though several factors were significantly related to resting heart rate, overall R 2 values were low (R 2 =0.10) in models for continuous and poor amplitude. In sensitivity analyses which removed participants taking medications influencing heart rate (n = 880), results remained similar in magnitude and direction. Results were also similar when removing participants with diabetes (n = 521) for the continuous amplitude models, although the relationship between poor amplitude and higher resting HR was attenuated to non-significance (β = 1.4, p = 0.10).
3.3. Heart rate response and heart rate recovery
No sensorimotor PN measures were associated with HR response or recovery in adjusted models. (Model details included in Appendix Table A1 .)
Discussion
In community-dwelling older adults, we found that certain key measures of motor function were independently associated with worse cardiovascular autonomic function. Although both comprise the PNS, the sensorimotor and autonomic divisions are not generally examined simultaneously in older adults. Motor nerve function, specifically motor amplitude and conduction velocity, were associated with postural hypotension and modestly with resting HR, respectively. Participants with diabetes had worse sensorimotor and cardiovascular autonomic function; but consistent relationships were observed for participants with and without diabetes.
The PNS contains large and small nerve fibers, each responsible for distinct aspects of neurotransmission. Within the sensorimotor division, large myelinated fibers mediate motor control as well as touch, vibration, and position perception. Small, thinly myelinated or unmyelinated fibers provide information about pain in addition to cold and warm perception, respectively. The autonomic division is made up of thinly myelinated and unmyelinated fibers, and mediates HR, blood pressure, sweating, gastrointestinal and genitourinary function. Even though the observed relationships were between different PNS nerve fiber types, our associations are consistent with the notion of selective vulnerability where long nerve fibers (like the vagus nerve and peroneal motor nerve) are particularly prone to damage.
Age typically explains a portion of the declines within and across systems. However, age was only weakly associated with postural hypotension and HR (results not shown). Furthermore, age did not significantly attenuate any of the associations between sensorimotor and autonomic function. This supports an independent relationship between sensorimotor and cardiovascular autonomic function, and the relationships we observed were not simply due to age related declines in both. Nevertheless, the age range in this cohort was only 10 years, and an age effect may be detectable in a population with a wider age range.
Additionally, our associations were not explained by factors traditionally influencing PNS function. These associations were independent of sex, race, diabetes, and prevalent diseases. In particular, obesity and metabolic and cardiovascular factors have been shown to influence sensorimotor function in older adults (Callaghan et al., 2016) and midlife women (Ylitalo et al., 2013) , as well as vascular factors like peripheral arterial disease (McDermott et al., 2004) , however, these factors generally did not reach statistical significance in our analyses. Multivariable models included few parameters beyond age, sex, race, study site and diabetes (which we included a priori regardless of significance)-suggesting a primary association between the PNS components. Total cholesterol and certain medications known to influence heart rate reached significance in resting heart rate models, while inflammatory markers reached statistical significance in both resting heart rate and postural hypotension models. The addition of IL-6 and CRP (resting heart rate only) did not attenuate the relationship between the measures of motor nerve function and cardiovascular autonomic function. The relationship of inflammation and cardiac autonomic function is consistent with prior literature indicating that higher levels of inflammation are associated with worse heart rate variability . However, the effects of the observed relationships were small. For example, poor motor amplitude was associated with a resting heart rate of 2.3 bpm higher, which may have limited clinical relevance. In a previous study conducted in middle-aged men, mortality risk increased by about 16% per every 10 bpm higher resting HR (Jouven et al., 2009) . Overall R 2 values in our multivariable models were low. This may indicate potential underlying mechanisms common to the pathogenesis of sensorimotor and autonomic dysfunction that were not captured by the included covariates. Alternatively, this may simply indicate weak associations, which could be due the complex nature of both the sensorimotor and cardiovascular autonomic nervous systems. Future work should include comprehensive examinations of each aspect of sensorimotor and autonomic function to better understand the biologic mechanisms underlying these interrelationships. Recent work in a patient population with type 2 diabetes demonstrated that those with cardiac autonomic neuropathy have worse motor and sensory nerve function (Rodica et al., 2015) . Our observed relationships were for motor nerve function measures only, and our study did not include sensory nerve conduction testing. Some associations may have reached statistical significance through chance alone given the multiple comparisons. However, associations that remained after multivariable adjustment were generally highly significant (particularly the relationship between continuous motor amplitude and resting heart rate), reaching alpha levels of p ≤ 0.01.
A major strength of our study was assessing sensorimotor PN function through a variety of motor and sensory nerve function measures in addition to self-reported symptoms-an important consideration since impairments in older adults are commonly asymptomatic 18.5 ± 10.5 17.4 ± 9.1 0.07
Note: Values are mean ± standard deviation (SD), n (%), or as otherwise indicated. Percentages were calculated using the number of participants who completed the test rather than the entire sample. Missing data b5% unless sample size otherwise indicated. Participants were included in the study sample if they completed ≥1 peripheral nerve function test. a Postural hypotension defined as lowering ≥20 mmHg of systolic or ≥10 mmHg diastolic blood pressure between seated and standing measurements. (Gregg et al., 2004) . We included many diverse factors known to influence sensorimotor or autonomic function. The measures of cardiovascular autonomic function are clinically relevant and may feasibly be administered in a variety of settings. However other measures often utilized in clinical settings-for example, expiratory-inspiratory ratio, HR variability, and tilt-table testing-were not assessed. These measures are rarely included in epidemiologic studies, and HR variability in particular can be computationally challenging to analyze and difficult to interpret. Though it has limitations, HR variability analyzed using frequency domain methods may be useful for separating the effects of sympathetic and parasympathetic modulation. Including HR variability and other sensitive measures of autonomic function may aid in clarifying associations. The measures we used therefore are surrogates of autonomic function, and may be influenced by current acute physiologic and health status, potentially resulting in residual confounding. Precise measures of postural hypotension using beat-to-beat blood pressure monitoring techniques have recently provided unique insight into the relationship between postural hypotension and falls (McDonald et al., 2016; Juraschek et al., 2017) . Future work examining nerve conduction velocity and continuous beat-to-beat monitoring assessments of postural hypotension may be an important extension of this work, particularly as both have been related to falls in older adults Rubenstein et al., 1990; McDonald et al., 2016; Juraschek et al., 2017; Finucane et al., 2017) . Two of our measures of cardiovascular autonomic function were dependent on completing a 400 m endurance walking test-the Long Distance Corridor Walk. Our prior work in this cohort has indicated that participants who were able to complete the full 400 m tend to be younger and were generally healthier and had fewer chronic conditions compared to participants who were ineligible or unable to complete the full test (Lange-Maia et al., 2016) . Having these performance based only on a healthier subset may have limited our ability to detect any relationship between heart rate response/ recovery with the measures of sensorimotor function. Similarly, a smaller portion of participants had data available for motor nerve conduction testing compared to the other sensorimotor measures, potentially also limiting the ability to assess the relationship between nerve conduction velocity and cardiovascular autonomic function.
Conclusions
We demonstrated that certain key aspects of worse sensorimotor PN function are independently associated with poor cardiovascular autonomic function indicators (resting HR and postural hypotension) in community-dwelling older adults. The clinical relevance of these hypotension and HR findings are unknown though they may be important because of the known association between both sensorimotor and cardiac autonomic function with poor outcomes in older adults. Future studies should assess these combined, but often underappreciated, PNS impairments in older adults to better understand the shared modifiable risk factors involved. a Minimally adjusted models included age, sex, race, site, and diabetes. b All heart rate response and heart rate recovery models were adjusted for 400 m walking test completion time.
c Amplitude, mV, mean ± standard deviation(SD) = 3.3 ± 2.0. d Conduction velocity, m/s = 43.6 ± 5.4.
